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We report on growth and characterizations of Si/multicrystalline-SiGe ~mc-SiGe! heterostructure as
a promising candidate to surpass mc-Si solar cells. Spatial distribution of the status of strain in Si
was investigated using microscopic Raman spectroscopy. The strain was found to be strongly
influenced by the composition and microstructure of underlying mc-SiGe. Spatial variation of the
strain as well as strain relaxation was found to be suppressed by decreasing average Ge composition
of underlying SiGe. © 2002 American Institute of Physics. @DOI: 10.1063/1.1520724#I. INTRODUCTION
Low-cost production and realization of high conversion
efficiency are two important prerequisites to be satisfied for
solar cells. In the research and development of solar cells, a
considerable effort has been devoted to somehow satisfy the
above two simultaneously. However, it is obviously very dif-
ficult, and the solution is still being pursued.
Among various materials, multicrystalline-Si ~mc-Si! is
leading the world photovoltaic market since it can be grown
by a low cost casting method, and a moderate conversion
efficiency of about 15% can be achieved. If we put the im-
portance on the conversion efficiency, a tandem solar cell
that consists of stacked pn juctions is effective since it can
efficiently cover the solar spectrum with different materials.
However, the crystal growth of such heterostructures cannot
be possible without advanced thin film growth technologies,
which have additional production cost. In addition, the cost
of the constituent compound semiconductors such as GaAs
and InP is generally higher than that of Si. It would be ideal
if conversion efficiency higher than mc-Si solar cells can be
achieved based on low cost material and technology.
As a candidate to accomplish low cost and highly effi-
cient solar cells, Nakajima et al. recently proposed multic-
rystalline SiGe ~mc-SiGe! with microscopic compositional
distribution.1 The spatial compositional nonuniformity is in-
tentionally introduced in the binary crystal, and mc-SiGe is
supposed to contain locally Ge-rich regions even when the
average composition all over the crystal is Si-rich. Therefore,
near-infrared light, which is transparent to mc-Si, is consid-
ered to be absorbed in mc-SiGe, and the spectral response of
the solar cell based on mc-SiGe is extended to the longer
wavelength. As a consequence, the solar spectrum can be
efficiently utilized for the generation of photocarriers, and
the short-circuit current is considered to increase.
Importantly, mc-SiGe with microscopic compositional
distribution can be grown by a low cost technology based on
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production of mc-Si ingots. We have already demonstrated
that the compositional distribution of mc-SiGe as well as the
microstructures can be widely tuned simply by changing
growth parameters such as the cooling rate and/or initial melt
composition.1,2 In addition, controllability of macroscopic
absorption spectrum of mc-SiGe by microscopic composi-
tional distribution was confirmed by changing spot sizes of
incident light in spectroscopic ellipsometry measurements.3
In this article, we report on the growth and characteriza-
tion of Si/mc-SiGe heterostructure, which we propose as a
promising material for solar cell applications. By micro-
scopic characterization of strain in Si using Raman spectros-
copy, the status of strain in Si was found to be strongly
dependent on the composition and solidification structure of
mc-SiGe. The importance of the strain, which modifies the
band structure of material, is noted for this particular hetero-
structure.
II. EXPERIMENT
The starting materials for mc-SiGe were polycrystalline
Si and Ge chunks. The SiGe binary melt was formed in a
sealed quartz ampoule or in a carbon crucible, and subse-
quently cooled down at various cooling rates for the solidi-
fication. In this study, we utilized two samples with average
Ge compositions of 0.3 and 0.7 grown at a cooling rate of
10 °C/min. mc-SiGe was then sliced into a wafer, and me-
chanically polished. The histogram of the composition of
mc-SiGe was obtained by measuring about 100 points on the
polished surface using energy-dispersive x-ray ~EDX! analy-
sis. The growth was performed in a molecular beam epitaxy
~MBE! system ~VG Semicon V80M!. It is noted that to uti-
lize MBE is not important and any other growth techniques
for Si thin films would be acceptable for solar cell process-
ing. Prior to loading into the MBE system, chemical treat-
ment to remove the surface oxide was performed. Growth of
Si was carried out using an electron beam evaporator. A 0.5-
mm-thick Si layer was grown at 500 °C with a growth rate of
1 Å/s. Part of the mc-SiGe wafer was covered by a Ta mask8 © 2002 American Institute of Physics
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acterizations, Raman spectroscopy was performed in the
backscattering geometry with an excitation source of 532
nm. The incident laser was focused on the sample surface by
a microscope objective lens, and backscattered light was col-
lected through the same lens and coupled to a double mono-
chromator ~Jovan Yvon U1000!. The signal was detected by
a photomultiplier ~Hamamatsu R943-02! in the photon
counting mode. The spatial mapping of Raman spectra was
done by using a computer-controlled microscope XY stage.
III. RESULTS AND DISCUSSION
Figure 1 compares compositional histogram of mc-SiGe
for average Ge compositions of: ~a! 0.3 and ~b! 0.7. It is seen
that the composition is spread over the wide range in both
cases. Tunability of this compositional distribution has been
already reported elsewhere.1,2
A plan-view optical microscope image of a Si/mc-SiGe
heterostructure with an average Ge composition in mc-SiGe
of 0.7 is shown in Fig. 2. A sharp line corresponds to the
edge of the Ta mask, which was placed on the sample surface
during growth. The left part of Fig. 2 is covered by Si thin
film. In the right part, the solidification structure of mc-SiGe
can be identified. mc-SiGe consists of a blade-like structure
and its surroundings. By EDX measurements, the former is
confirmed to be a Si-rich crystal, and the white surroundings
are Ge-rich crystals. It is noted that the microscopic compo-
sitional variation exists along the crystal in addition to the
drastic compositional change at the boundary between the
Si-rich blade-like crystal and the Ge-rich matrix.
Figure 3 compares typical spectra of mc-SiGe with an
average Ge composition of 0.7 ~a! without and ~b! with Si
thin film on it. Three clear peaks can be identified for the
mc-SiGe bulk crystal. The peaks around 480, 400, and 280
cm21 can be assigned as Si–Si, Si–Ge, and Ge–Ge modes,
respectively. In contrast, one peak, which can be assigned as
a Si–Si mode, dominates the spectrum for Si/mc–SiGe het-
FIG. 1. Comparison of compositional histogram of mc-SiGe for average Ge
composition of: ~a! 0.3 and ~b! 0.7.Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject toerostructure. In the following discussion, we focus the be-
havior of this Si–Si mode on discussing the status of the
strain in the Si thin film. The contribution of the underlying
mc-SiGe to the Raman spectra is considered not to be sig-
nificant.
A 760 mm3760 mm mapping of Raman intensity of Si/
mc-SiGe with an average Ge composition in mc-SiGe of 0.7
is shown in Fig. 4. During the measurements, the monochro-
mator was fixed at 520 cm21, which corresponds to the op-
tical phonon energy of unstrained Si. It can be seen that a
strong intensity variation exists across the sample, and the
contrast is likely to be correlated with the solidification struc-
ture of the underlying mc-SiGe. The shape of the dark part is
seen to be blade like. Therefore, the Raman intensity at 520
cm21 from Si on Si-rich SiGe is found to be weaker than that
on Ge-rich SiGe.
FIG. 2. A plan-view optical microscope image of Si/mc-SiGe heterostruc-
ture with average Ge composition in mc-SiGe of 0.7.
FIG. 3. Comparison of Raman spectra for mc-SiGe with an average Ge
composition of 0.7 ~a! without and ~b! with Si thin film on it. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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spectra from limited areas were collected. Figure 5 is a com-
parison of Raman spectra from the Si thin film on the Si-rich
blade-like crystal ~solid line! and on the Ge-rich matrix ~dot-
ted line!. It is seen that the peak position of Si on the Si-rich
blade-like crystal is strongly deviated from 520 cm21, and
shifts toward lower frequencies. On the other hand, the peak
position of Si on the Ge-rich matrix is found to be 520 cm21.
The difference in the integrated intensity of the two spectra is
seen to be insignificant. Therefore, the contrast in Fig. 4 does
not come from the spatial variation of the crystal quality
and/or the surface roughness. Apparently, the difference of
the peak position is concluded to be the main reason explain-
ing for the contrast in Fig. 4.
Generally speaking, epitaxial growth of a lattice-
mismatched system is well known to lead to the built-in
strain if the thickness of the film is less than the critical
thickness of the introduction of misfit dislocations.4 The
strain originating from the lattice mismatch induces the shift
of phonon energies. The strain-induced shift of Si has been
investigated in the early 1970s under external uniaxial
stress,5 and recent advances in epitaxial growth techniques
allowed for detailed research of coherently strained SiGe on
Si.6–8 In the case of biaxial ~001! strain, the peak shift Dv is
FIG. 4. Two-dimensional mapping of Raman intensity at 520 cm21 Si/mc-
SiGe with average Ge composition in mc-SiGe of 0.7. The scan areas is 760
mm3760 mm.
FIG. 5. Raman spectra from Si thin film on Si-rich blade-like crystal ~solid
line! and on Ge-rich matrix ~dotted line!.Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject toexpressed as Dv5be , where b is a coefficient and e is
strain. Since b is reported to be negative, an in-plane tensile
stain is considered to be introduced in Si on the Si-rich blade
crystal since the peak shift to the lower frequencies is ob-
served. This is reasonable since the lattice constant of SiGe
is larger than that of Si, irrespective of the alloy composition.
On the other hand, Si on the Ge-rich matrix is likely to be
fully relaxed. This is explained by the fact that the thickness
of the Si film is much larger than the critical thickness.9
Therefore, the misfit dislocations are considered to be intro-
duced at the Si/mc-SiGe interface to accommodate the large
lattice mismatch between Si and Ge-rich SiGe.
Another possible contribution to the strain is the differ-
ence in the thermal expansion coefficients between Si and Ge
since the crystal growth was carried out at 500 °C and the
measurements were performed at room temperature. In fact,
the linear thermal expansion coefficient of Ge is reported to
be larger than that of Si by about 3.531026 K21 at room
temperature.10 This difference might cause an additional
strain of 231023 for a Si/Ge heterostructure. However, the
amount is much smaller compared with the lattice mismatch
between Si and Ge of 431022. Therefore, the lattice mis-
match rather than the difference in the thermal expansion
coefficient is considered to be the main reason for the ob-
served strain. In fact, the observed peak shift of 15 cm21 for
Si thin film on the blade crystal corresponds to the strain on
the order on 1022, which cannot be explained by the differ-
ence in the thermal expansion coefficients.
Figure 6 shows a 400 mm3400 mm mapping of Raman
intensity of Si/mc-SiGe with an average Ge composition in
mc-SiGe of 0.3. In this case, the monochromator was ad-
justed to be 504.5 cm21 to enhance the contrast. It should be
remarked that no contrast was obtained if we map the inten-
sity at 520 cm21. Figure 7 shows spatial variation of the
peak position along the line indicated in Fig. 6. The peak
variation is limited to be 61 cm21, and is much smaller than
the previous case. Therefore, the Si film is considered to be
more uniformly strained, and the number of dislocations
would be smaller. This originates from the reduction of the
average lattice mismatch between Si and mc-SiGe.
FIG. 6. Two-dimensional mapping of Raman intensity at 504.5 cm21 Si/
mc-SiGe with average Ge composition in mc-SiGe of 0.3. The scan areas is
400 mm3400 mm. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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to avoid the generation of misfit dislocations since they act
as sinks for photogenerated carriers, and lead to the decrease
of photocarriers, which contribute to the current by crossing
the Si/SiGe interface. In fact, a preliminary calculation pre-
dicts that the interface recombination velocity should be less
than 104 cm/s to keep the advantage of the heterostructure.11
From these results, we can conclude that the average com-
position in mc-SiGe should be kept small, so as not to lead to
strain relaxation in Si. This is welcomed in terms of the
production cost since Ge is more expensive than Si. It should
be noted that the strain brings further benefits to increase the
conduction band offset at the Si/SiGe interface, and the re-
duction of the band gap,12 and therefore, to control the strain
in the Si thin film it is very important to obtain better per-
formance of the Si/mc-SiGe solar cell.
IV. SUMMARY
Growth of Si thin film was carried out on mc-SiGe with
microscopic compositional distribution, and microscopic Ra-
FIG. 7. Peak position as a function of the sample position measured along
the line indicated in Fig. 6.Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject toman spectroscopy was performed for the samples with dif-
ferent average Ge compositions. The strong in-plane varia-
tion of the status of the strain was found for the Si thin film
on mc-SiGe with an average Ge composition of 0.7. The
strain in Si on the Ge-rich matrix was found to be fully
relaxed, while the existence of tensile strain was confirmed
for Si on the Si-rich blade-like crystal. In the case of Si/SiGe
with an average Ge composition in mc-SiGe of 0.3, the Si
film was found to be more uniformly strained.
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